The ATLAS and CMS collaborations have announced discovery of a ∼ 125 GeV Higgs boson, after a combined analysis of the di-photon and ZZ search channels. This observation has significant impact on low-energy supersymmetry. First, some fine-tuning is necessary to accommodate such a Higgs mass in the Minimal Supersymmetric Standard Model (MSSM) because the tree-level mass of the SM-like Higgs boson in the MSSM is relatively small. We study the possibility of lifting the mass of the SM-like Higgs boson by non-decoupling D-term from an additional U (1) gauge symmetry. In particular, we focus on a gauged Peccei-Quinn symmetry which can also be related to a possible solution of the µ problem in the MSSM. In addition to the measurement of the mass of the Higgs, the data also reveals a tantalizing hint of a significantly enhanced di-photon signal rate, 1.56 ± 0.43 and 1.9 ± 0.5 times of the SM prediction in the CMS and ATLAS experiments, respectively. We demonstrate that such an enhancement can be accommodated in this MSSM extension. Anomaly cancellation requires the introduction of charged exotics. If some of them happen to be light and have sizable coupling to the SM-like Higgs boson, the di-photon signal rate can be enhanced significantly. EW precision measurements provide stringent constraints on this model. Taking these into account, we identify two benchmark scenarios. We argue that they are representative of large classes of viable models beyond our current example which can consistently enhance the Higgs to di-photon rate. We also comment on possible signals of such light exotics at the LHC.
I INTRODUCTION
Both the ATLAS and CMS collaborations have announced the discovery of a ∼ 125 Higgs boson [1, 2], mainly based on the combination of the di-photon and leptonic ZZ Higgs searches at the √ s = 7 and 8 TeV LHC.
This achievement fixes the last renormalizable parameter in the Standard Model (SM). At the same time, it carries important implications for new physics, particularly for low-energy supersymemmtry (SUSY). In the Minimal Supersymmetric Standard Model (MSSM), a SM-like Higgs boson with 125 GeV mass requires large corrections beyond the tree level prediction (m h ) tr ≈ m Z cos 2β. Although such an 125 GeV SM-like Higgs boson can be accommodated, careful choices of parameters must be made [3] [4] [5] [6] [7] [8] [9] [10] [11] . Therefore, it is well motivated to consider possible extensions of the MSSM which give additional contribution to the mass of the SM-like Higgs boson at tree level [11] [12] [13] [14] .
In this paper, we consider the possibility of enlarging the MSSM gauge symmetry by an additional U (1). Such a gauge symmetry is quite generic in UV completions low energy supersymmetry, and many possible candidates have been proposed (for a review, e.g., see [15] ). If its D-term is non-decoupling, it can provides non-trivial contribution to the tree-level mass of the SM-like Higgs boson [16] . In order to get a sizable correction, the Higgs field must be charged under this U (1) symmetry. Moreover, the symmetry breaking scale of this extra U(1) symmetry cannot be much higher than the EW (EW) one.
We will focus on a gauged Peccei-Quinn (PQ) symmetry (U (1) PQ ), under which by definition the Higgs fields carries non-trivial charges [17] . This can be connected to a possible solution of the µ-problem [18, 19] , which is one of the central pieces of using low energy supersymmetry to address the hierarchy problem. The µ problem has its origin in a scale-violating term ∼ µH u H d in the superpotential of the MSSM, where H d and H u are down-and up-type Higgs supermultiplets. By introducing a spontaneously broken PQ global symmetry (a discrete version is the Z 3 symmetry in the Next-to-MSSM), the bare µ term is forbidden and an effective one can be dynamically produced via W H ∼ λSH u H d , with µ eff = λf S . Here S is a SM-singlet supermultiplet and f S is the vacuum expectation value (VEV) of its scalar component. Due to quantum gravity effects, it is expected that low energy symmetries should have their roots as gauge symmetries. In our case, we will further assume that such a gauge symmetry survives down to the TeV scale. In this paper, we will show that such a promotion for the PQ symmetry can significantly impact the Higgs physics. In particular, the U (1) PQ gauge symmetry introduces new D-terms which can raise the mass of the SM-like Higgs boson at tree level, enough to have m h = 125 GeV without significant radiative corrections.
In addition to the mass of the Higgs boson, another interesting observation is that there is a possible excess in the di-photon signal with rate higher than the SM prediction. With a combined analysis of the √ s = 7 and 8 TeV LHC data, the CMS and the ATLAS collaborations obtain the best-fit signal strength: 1.56 ± 0.43 and 1.9 ± 0.5 times of the SM prediction, respectively [1, 2] . If such an excess is confirmed in the future, it would be an unambiguous indication for new physics.
There are two usual strategies to enhance the Higgs di-photon signal rate. The first one is by suppressing the width of its bb decay mode [13, 20] . In supersymmetric theories with two Higgs doublets, we have the coupling ratio y hbb y SM hbb = − sin α cos β for the SM-like Higgs boson (here we focus on the scenario with the lightest CP-even Higgs boson being SM-like. The discussion can be generalized to the case with the heavy CP-even Higgs boson being SM-like easily). Here the mixing angle α is defined as
h and H are light and heavy CP-even Higgs bosons, respectively. Suppressing the h → bb decay width requires a small mixing angle for the SM-like Higgs boson, i.e., | sin α| < cos β. The SM-like Higgs boson therefore needs to be extremely up-type like for tan β > 1. In the MSSM, it can only be achieved only through a cancellation between the tree-level and loop-level contributions to the off-diagonal Higgs mass term [22] . But, in the extensions of MSSM, the quadratic terms of the Higgs sector can receive non-trivial corrections at tree level from new F-term or D-term corrections, so the mixing angle can be suppressed more easily [13, 23] . A potential problem for this strategy is that the suppressed bb decay width can enhance the ZZ and W W signal rates as well. The current analyses by the CMS and ATLAS collaborations in these channels do not show such a feature, although one cannot completely rule out this possibility due to the limited statistics. A more viable possibility is by enhancing the Higgs diphoton decay width. Such a modification requires the existence of light charged exotics (∼ 100 GeV), with large coupling to the SM-like Higgs boson. The exotics carrying both color and EW charges might work. However, such particles typically bring larger contribution to the Higgs production via gluon fusion. More often than not, it would end up suppressing the rate of pp → h → γγ [3, 6, 8, [25] [26] [27] [28] . In addition, direct searches at colliders have already put stringent lower bound on the mass of the colored exotics. Therefore, we will concentrate on the exotics with EW gauge charges only. There are several possibilities for the spin and coupling of the exotics. Probably the simplest case is the so-called Higgs portal couplings of the form H † HQ † Q, where Q is some exotic scalar carrying electric charge. It is well-known that (for recent discussions, see, e.g., [24, 25] ), in order to enhance the hγγ coupling significantly and keep the coupling perturbative, the sign of this interaction must be negative. In supersymmetry, however, an interaction of this form is from the F F * term whose sign is positive. At the level of renormalizable couplings, therefore, the enhancement of the h → γγ coupling in SUSY must come from Yukawa (trilinear) couplings between the Higgs boson and the exotic fermions (scalars). We also emphasize that the quantum number of such light exotics and the form of the couplings will be strongly constrained by the EW precision tests (EWPT). Remarkably, it is possible to satisfy these conditions in a special scenario of the MSSM with very light stau lepton and a large hτ LτR coupling [3, 21] .
Interestingly, the gauged U (1) PQ scenario contains the exotics which can enhance the hγγ coupling. The U (1) PQ symmetry is anomalous. Gauging it necessarily requires charged exotics to cancel its anomaly. The symmetries of the theory allow Yukawa and trilinear couplings between the SM-like Higgs boson and the exotics. If some of the exotics happen to be light, they can significantly enhance the Higgs di-photon decay width. Since the exotics usually can obtain their masses through the coupling with the U (1) PQ breaking spurions, setting their masses to be light simply amounts to a choice of some dimensionless couplings. Precision EW tests can strongly constrain the possible parameters and the form of the couplings. Taking them into account, we identify two representative benchmark scenarios to illustrate the relevant Higgs physics.
The rest of the paper is organized as follows. In Section II, we present the effective theory of the MSSM extension with a gauged U (1) PQ symmetry. We discuss the mass of the SM-like Higgs boson in Section III. In Section IV, we give a general discussion of new physics contributions to the Higgs to di-photon decay partial width, and its connection to EWPT observables. In Section V, we present an anomaly-free model and identify two benchmark scenarios where the experimental data can be fit correctly. Section VI contains our concluding remarks. In particular, we comment on the LHC signal of the light exotics. We also argue that the two benchmark models identified in Section V are representative of large classes of viable models beyond our current framework which can consistently enhance the Higgs to di-photon rate.
II GAUGED U (1)PQ SYMMETRY
A full model for the scenario considered in this paper needs to start from a sector which spontaneously breaks the U (1) PQ symmetry. We assume that the PQ symmetry is spontaneously broken by the scalar components of the superfields S i , with their VEVs being S i = f i . The scalar potential of such a PQ breaking sector can be quite complicated. In this paper we will focus on a simple but instructive limit in which the U (1) PQ symmetry breaking scale is somewhat larger than the scales of EW symmetry breaking and the soft SUSY breaking parameters, f i > Λ EW ∼ Λ soft . In this case, we can integrate out the particles which become heavy after the U (1) PQ symmetry breaking, in particular the "radial modes" of the symmetry breaking fields.
Since the SUSY breaking effect is smaller than the PQ symmetry one, it is convenient to group the light degrees of freedom in an axion superfield
with S i = f i e qiA/fPQ in the representation of non-linear sigma model. Here f PQ = i q 2 i f 2 i is the U (1) PQ breaking scale and q i is the U (1) PQ charge of S i . At this stage, the axion (a) mass is protected by the Goldstone theorem, and it is related to the masses of the saxion (s), axino (ã) by SUSY. If the U (1) PQ symmetry is global and SUSY breaking effect is relatively small, both s and a can be light, with m s , mã ∼ m a . In this case, the global U (1) PQ theory provides a supersymmetric benchmark scenario of ∼ O(1) GeV dark matter, withã serving as the candidate [31] . For a gauged U (1) PQ symmetry, a is eaten by the U (1) PQ gauge boson.
The effective theory of the axion superfield is
with a summing over {u, d} and U SM representing the contributions of the SM gauge symmetries. In our setup, λ is a small parameter by assumption since Λ EW ∼ µ eff = λf S < f PQ . We also include the SUSY breaking soft terms
Si |S i | 2 , with their scales below f PQ . Integrating out the saxion, we obtain a tree-level effective potential for the neutral Higgs sector
where the first two lines give the MSSM contributions, with B µ = A λ µ eff , and the other ones denote the leading corrections from the U (1) PQ symmetry. In general, there are more corrections to the Higgs potential apart from listed in the last two lines of the above equation [32, 33] , and the coefficients of these terms are gauge dependent. A detailed discussion of the gauge choices is presented in Appendix A. Here we adhere to the Wess-Zumino gauge.
2 q S has been assumed. To the order of λ 2 , a 1 , a 2 and a 3 are given by
D PQ is the VEV of the U (1) PQ D-term, it is of the order soft SUSY breaking ∼ Λ 
It demonstrates the well-known result that the D-term contribution to the Higgs potential vanishes in the SUSY limit. The non-decoupling D-term contribution can be important if the soft SUSY-breaking parameters of the PQ sector is not too small (but still below f PQ by our assumption). In this case, we have
Here m This effective theory can also be built in super-unitary gauge, where the full axion superfield is eaten by the U (1) PQ vector superfield. In Appendix A, we present the effective Lagrangians in these two gauges. Although they have different forms, they are physically equivalent, leading to the same Higgs scattering amplitudes, vacuum energy and particle mass spectrum.
III HIGGS MASS
The mass matrix for the CP-even Higgs bosons can be separated as M denotes the MSSM contributions, and M 2 PQ denotes the
1/2 = 246 GeV. In the limit that the CPodd Higgs boson is heavy, the lightest CP-even Higgs has a squared mass at tree level
with the first term being the MSSM contribution. The variation of m h in the g PQ − tan β and δ − f S fPQ planes is shown in Fig. 1 , where the loop corrections from the MSSM mediated by stop and sbottom quarks have been included. We see that m h = 125 GeV can be easily accommodated without heavy or split stops. The behavior of m h is mainly controlled by tree-level effects.
With fixed g PQ , m h has a minimal value for tan β ∼ 1 where the MSSM tree-level contribution is minimized. If tan β is fixed, m h becomes larger as g PQ increases. δ and f S /f PQ provide a set of measures of the D-term and F-term corrections to m h . These features can be easily understood using Eq. (8) and Eq. (5).
IV h → γγ AND EW PRECISION TESTS
The effective Lagrangian of h → γγ can be written as
where I is a constant parameterizing the effective hγγ coupling. Any particles coupled with it must get a mass from the Higgs VEVs. The effective coupling shown in Eq. 9 is induced by charged particles which can couple with the Higgs boson. If the Higgs mass is smaller than that of the charged particles mediating the hγγ loop, the effective hγγ coupling can be calculated through the photon self-energy corrections [34, 35] . In the SM, there is only one Higgs doublet and the neutral component can be written as
where for bosonic degrees of freedom M The W boson contribution dominates over that of the top quark, and hence controls the sign of the hγγ coupling in the SM [35] .
In the case of SUSY, there are two Higgs doublets, which makes the discussion complicated. The effective coupling can be modified to
Usually there is no fixed relation between the Higgs alignment α and VEV alignment β. In this paper, we concentrate on the scenarios in which the decays of the SM-like Higgs boson to W W , ZZ, bb, ττ channels are similar to that of the SM Higgs, and only the loop-dominant h → γγ channel is modified. In comparison with the SM, the decay amplitude of h → bb and h → W W/ZZ in MSSM are scaled by a factor of cos α sin β and sin(β − α), respectively. If β − α ≈ π/2, their decay widths are approximately equal to the SM ones. The contributions from the W boson and top quark to h → γγ is also similar to the SM one, which give I W ≈ −2.1 and I top ≈ 0.5. The effective Lagarangian is reduced to the one in Eq. (10) .
If the masses of the intermediate particles are smaller than half of the Higgs mass, they can be pair-produced via the Higgs decay. Treating the exotic induced h → γγ coupling as point-like, as described by the effective Lagrangian in Eq. (9), is not appropriate. For m h = 125 GeV, the current lower bounds on the mass of the charged new particles are around 100 GeV [37] . Therefore, the effective theory description is always valid. For relatively light mediators, there are corrections to b k 's up to the order of m 2 h /4m 2 mediator . These corrections are small and will not change the conclusions reached in this section qualitatively. The exact formulae can be found in Ref. [35, 36] , and they will be used in our numerical calculations in the next section.
From Eq. (11), we can see that the sign of the effective coupling is determined by two factors, the β-function b k and the derivatives of the mass matrix with respect to the Higgs VEVs. For fermions and complex scalars, b k is positive. In the SM, the fermions have
, where y is Yukawa coupling. Therefore, the derivative is always positive. For general exotic fermions, however, there can have vector-like mass terms. The derivative can be either positive or negative. For exotic scalars, in SUSY models, generally they can obtain mass from the Higgs VEVs in two ways. One is from the F-term of the exotic superfield. In this case the derivatives are always positive. The other is from the A-term between the exotics and the Higgs boson. In this case, the derivatives can be either positive or negative. In the next section, we will discuss benchmark models of these two scenarios.
To enhance the h → γγ signal rate significantly, the contribution from the exotic states needs to be comparable with the SM contributions from W boson and top quark. As a result, either the fermion or the scalar mediators should be light. Since these particles carry EW charges, they may non-trivially contribute to the observables of the EWPT. Therefore, the EWPT can provide strong constraints on the models discussed here. These potential contributions include oblique and non-oblique corrections. We will focus on the former, because the non-oblique ones are sensitive to the couplings of the mediators with the SM fermions, which can be taken to be small. The oblique corrections represent new physics effects in the vacuum polarization of the SM gauge bosons, and are usually parameterized by the Peskin-Takeuchi parameters, S, T and U [39] . The U parameter is not very sensitive to new physics, and only receives contributions from dimension-eight operators or above, so we will not discuss it in the following analysis. The U (1) PQ gauge boson can also have non-trivial contributions to the EWPT observables, via its mixing with the Z boson. This has been discussed extensively (e.g., see [38] ). For the scenarios discussed in this paper, the Z − Z mixing is small because the U (1) PQ scale is relatively high while its gauge coupling is not very large. Such contributions therefore are well under control. 
V AN EXAMPLE
In this section, we construct an explicit model which realizes the ideas discussed in the previous sections. U (1) PQ with only the SM matter content is anomalous. There are many possible choices of spectators to cancel this anomaly. However, new EW doublets and color triplets carrying U (1) PQ charges are always required for canceling the SU (2) 2 × U (1) PQ and SU (3) 2 × U (1) PQ anomalies, respectively. As an illustration, let us consider a model given in Table I 
, m this model is given by Table I , the only renormalizable couplings between the color triplets and the Higgs bosons are of the form Hq˜ T or HHTT . Hq˜ T will not contribute to the Higgs decay directly. Furthermore, they can be suppressed by choosing small leptoquark-type couplings. HHTT will enter hgg effective coupling. However, this contribution can be small if the color triplets is heavy, m T ∼ TeV. For these reasons, we will assume that the triplets are heavy and would not discuss them further in this section.
Since the EWPT may give strong constraints on our scenario, we begin with a more general discussion on this issue before presenting the benchmark models. The T parameter is a measure of the breaking of the custodial symmetry, SU (2) c . Apart from the mixing between Z and Z , in general, there are two contributions which break SU (2) c explicitly. One is from the Yukawa coupling between the exotics and the Higgs fields in the superpotential, such as the difference between the H u D p X c and H d D p N c couplings, and the corresponding A-terms. In this paper, we choose to preserve the explicit SU (2) c by choosing the relevant Yukawa couplings to be equal. Therefore, instead of four independent Yukawa couplings, we have two, γ We note that certain fine-tuning is necessary in making this choice, as these couplings also receive one-loop corrections proportional to the explicit SU (2) c breaking SM Yukawa couplings. Another contribution to the T parameter comes from the difference between v u and v d , which breaks SU (2) c spontaneously. Of course, we can find parameter space where the two contributions cancel with each other. To avoid severe fine-tuning, the bulk of parameter space with such cancellation should not have large explicit or spontaneous SU (2) c violation. Therefore, it should not be very different from the limit that we are considering.
Two benchmark points are presented in Table II and  Table III . The parameter δ, defined right after Eq. (7), controls the corrections to the Higgs sector via the U (1) PQ D-terms and is assumed to be sizable for both benchmark points. In the first benchmark, the lightest charged (ψ c 1 ) and neutral (ψ 0 1 ) fermion spectators are light. They have a large coupling to the Higgs fields, for enhancing the di-photon signal rate. To get a small ∆T , the spontaneous breaking needs to be small. Hence, tan β ≈ 1 is required. For the second benchmark point, where one of the charged scalar is light and couples to the Higgs fields with large A terms (again for enhancing the di-photon signal rate), there is an accidental cancelation which leads to ∆T to be a few times smaller than its natural value. A detailed discussion of this accidental cancelation can be found in Appendix B. Therefore, even in the case of large tan β, the T parameter can still be within the experimental limit.
In addition, although the doublets (D p , D c q ) are vector-like under the EW gauge symmetry and their fermionic components have a degenerated mass spectrum, the S parameter can still receive non-zero corrections. This is because (D p , D c q ) mix with (X, X c ) and (N, N c ), while the latter violate the weak isospin (recall that the S parameter preserves the custodial but measures the violation of the weak isospin).
The dependence of m h , R(h → γγ), ∆S and ∆T oñ γ =γ and tan β in the first benchmark is shown in Fig. 2 . As is expected, with a fixed tan β, R(h → γγ) tends to be enhanced for a larger |γ|; and with a fixedγ, ∆T tends to be smaller while tan β is close to 1. From the right plot on the first row of Fig. 2 , we can see that the correction to the rate of h → γγ also has a maximum at tan β = 1 with fixedγ. We can understand this from the form of the mass matrix of charged fermionic exotics,
where M D and M X are the vector-like mass for the doublet and charged singlet exotics, respectively. Then, we can get
(14) Since we are interested in the region where α ≈ β − π/2, we have cos(α + β) ≈ cos(2β − π/2), which peaks at β = π/4. Therefore, from Eq. (11), we can see that the correction to I reaches its maximum at tan β = 1.
The dependence of m h , R(h → γγ), ∆S and ∆T on Aγ and tan β in the second benchmark is shown in Fig. 3 . In this region, since the contribution from A terms dominates over the ones from the Yukawa couplings, the loop correction to Higgs mass from exotics is negative. Therefore, from the first plot in Fig. 3 , we can see that m h becomes smaller with larger Aγ. For the correction to the rate of h → γγ, in the region where A 2 γ > A 2 γ , the charged scalar exotics mainly couple to the Higgs through H u and therefore the correction to the h → γγ rate behaves similarly to up-type quarks. As a result, the relevant part of the mass matrix of the charged exotics in this limit can be reduced to
from which we can get
where the relation cos α ≈ sin β is used. Therefore, we can see that in this region the correction to the rate of h → γγ goes up slowly with tan β which is shown in the region Aγ around 1500 GeV in Fig. 3 , where Aγ is fixed to be 1000 GeV. In the region Aγ = Aγ the dependence of the correction to h → γγ on tan β is more complicated, and numerical simulation shows that the dependence is not monotonic, as shown in Fig. 3 . For the contributions to the T parameter, because of the accidental cancelation discussed in Appendix B, ∆T is typically small, while tan β ∼ 1 can bring a further suppression.
VI CONCLUDING REMARKS
Motivated by the discovery of a ∼ 125 GeV Higgs boson in the CMS and ATLAS experiments, we study the possibility of lifting the tree-level mass of the SMlike Higgs boson in MSSM extended by an extra U (1) gauge symmetry. For definiteness, we focus on the scenarios with a gauged U (1) PQ symmetry which can also be connected to a possible solution to the µ problem in the MSSM. We limit ourselves to the parameter region in which the softly SUSY-breaking scale is below the U (1) PQ breaking scale, f PQ > Λ soft ∼ Λ EW . In this case, we can work in the framework of effective theory with only the axion supermultiplet. We explicitly demonstrate that non-trivial corrections of the U (1) PQ D-term to the Higgs physics necessarily require sizable softly SUSY breaking effects in the PQ symmetry-breaking sector. In particular, a correction ∼ O(10) GeV to the Higgs mass at the tree level can be achieved for f PQ ∼ O(1) TeV and Λ soft fPQ ∼ O(0.1). In addition to the Higgs mass, the LHC data also reveals a tantalizing hint of a significantly enhanced di-photon signal rate. We show that this feature can be accommodated in this scenario. Gauging the U (1) PQ symmetry necessarily requires the charged exotics for anomaly cancellation. If they happen to be light and have sizable couplings with the Higgs boson, the di-photon signal rate can be significantly enhanced. With the bounds from the EWPT considered, we identify two benchmark scenarios where a light charged exotic fermion and scalar plays a crucial role in modifying the hγγ effective coupling, respectively.
Testing this scenario at the LHC is relatively difficult. The first signal is probably still from the modified decays of the SM-like Higgs boson. A confirmation of the enhanced di-photon signal rate would provide a potential evidence for this scenario. In this case, it is obviously important to search for the light charged exotic mediators directly at the LHC. These exotics can be produced through the processes of weak interaction and then decay into the SM particles via the interactions described in the superpotential W Y . Their signals are similar to that of the Higgsinos, or sleptons. With the accumulation of the data, we should be able to probe these exotics. Of course, it is also possible to search for the leptoquarktype exotics T 1,2,3 , which are required for cancelling the SU (3)
2 ×U (1) PQ anomaly. Although not directly related to the modification of the Higgs di-photon decay channel, these colored particles should not be too heavy since their mass is generated through PQ symmetry breaking. They can be pair-produced via QCD processes at the LHC, with leptoquark-like signals. We will leave these studies to a future work.
Although our study is mainly done in the context of a specific model, the lessons we have learned are fairly general. The two benchmarks are representatives of large classes of models in which an enhancement of the h → γγ signal rate does not lead to a violation of the EWPT constraints. The first benchmark contains four SU (2) L doublets and two charged singlets for the sake of anomaly cancelation. This is only a little larger than the minimal model. As discussed in Sec. IV, for the corrections from fermionic exotics to have the same sign as the W boson contribution, the mass of the fermionic exotics must have two sources. One is chiral, coming from Yukawa like couplings with Higgs fields. At the same time, a Dirac mass term is necessary. Therefore, we at least need to introduce two doublets. Moreover, to avoid explicit breaking of the custodial SU (2) c , we must at least introduce two singlets. The mass matrices of the fermionic charged exotics can always be written in the form of Eq. (13) . Hence, the discussions for the correction to Higgs to diphoton decay rate made in Sec. V are in general applicable. The second benchmark is a very special case in which a charged scalar can do the job. Another similar example in this class is the light stau scenario in the MSSM [3] . We see that, due to the constraints from the EWPT, a certain amount of fine tuning is unavoidable in models with an enhanced hγγ effective coupling. This implies that if such an enhancement is confirmed, it would point us to a new direction of model building not completely guided by the reduction of such fine-tuning. If only the h → γγ signal rate is enhanced while the other ones are not modified, the new exotic states will carry the EW quantum numbers only. Their collider signals are similar to that of the EW-ino and the slepton. Hence, it would be challenging to search, unless they are part of a long decay chain starting with some colored states. In this section, we calculate the corrections to the MSSM Higgs potential in two different choice of gauge, which are the Wess-Zumino gauge and the Super-Unitay gauge. We show that although in the two choices the corrections to the Higgs potential are different as well as the corrections to the VEVs of Higgs fields. But the physical observables are the same in the two gauge choices.
A.1 Effective Higgs Potential: Wess-Zumino Gauge
In the Wess-Zumino gauge, the effective potential for the neutral Higgs sector can be obtained from K, W H and V soft which are defined in Eq.(3) or its below. It is easy to get
where With unbroken SUSY, the PQ theory is invariant under the super-gauge transformation
where α is a chiral superfield. In the case of super-unitary gauge, the Kähler potential and superpotential in Eq. (3) can be rewritten as
Integrating out V PQ , we have
which is the same as the one in [40] and leads to
Although the Higgs fields have the power of six, the last term is comparable with the other ones, given that the Higgs VEVs and the µ parameter are of the same order. The effects of the softly SUSY breaking can be incorporated via the interaction between the SUSY-breaking spurions and the superfields in the visible sector, which leads to new terms in K and W H
where m 2 Si is the soft squared mass of S i and A λ λ gives the A-parameter of SH u H d . V PQ has a general form (the metric (−, +, +, +) is assumed)
with
2 )H a .
Here Wess-Zumino gauge is assumed for the SM gauge superfields. Then we can get the effective Lagrangian
2 and neglecting the mass term of v µ , we obtain the Higgs effective potential in super-unitary gauge
So, the A λ -term does not contribute the Higgs potential apart from giving a Bµ term.
A.3 Scattering Amplitudes Of Light Fields
Although the effective potential of the neutral Higgs fields is gauge-dependent, physical observables should not depend on the gauge option. Next, we show that the scattering amplitudes of the Higgs fields in the WessZumino and super-unitary gauges are the same at tree level. For simplicity we will work in the limit of unbroken SUSY. In addition, no cubic terms appear in the treelevel effective potentials? Define X = e A/fPQ , we have
fPQ in the Wess-Zumino gauge, with the decomposition
where we have omitted the terms containing fermion fields and auxiliary fields. Then
Integrating out Y , we obtain a correction of the order
where the corrections proportional to λ 2 and higher orders are neglected.
With the super-unitary gauge, the kinetic term of the saxion field arises from
The Langrangian is given by , it is easy to check that the potential difference is completely compensated by Eq. (31) , and therefore at tree-level, the scattering amplitudes of H u,d in the Wess-Zumino and super-unitary gauges are equivalent to each other.
A.4 Vacuum Energy And Particle Mass Spectrum
The potentials in the Wess-Zumino and super-unitary gauges can be written as
WZ , V SU = V (0) + V
UG ,
with the minimization conditions given by
Here V In the case of light charged scalar spectators coupled to Higgs fields through large A-terms, there is an accidental cancelation in the calculation of ∆T . To see this point, let us discuss a simpler model, which is the stau-like particles, with their mass matrix scaled to An interesting observation is that the numerical values of the two terms in the r.h.s are accidentally close to each other, which leads to a ∆T a few times smaller than its natural value. This effect can be generalized to varied b values (see Fig. 4 ). tan β ∼ 1 becomes unnecessary therefore to avoid a sizable ∆T .
